The sustainability of grazing lands lies in the nexus of human consumption behavior, livestock productivity, and environmental sustainability. Due to fast growing global food demands, many grazing lands have suffered from overgrazing, leading to soil degradation, air and water pollution, and biodiversity losses. Multidisciplinary efforts are required to understand how grazing lands can 2 be better monitored, assessed and managed to attain predictable outcomes of optimal benefit to society. This paper synthesizes our understanding based on previous work done on impacts of grazing on ecosystem goods and services, identifies current knowledge gaps, and formulates a plan forward. We review the impacts of two contrasting grazing systems, continuous and multi-paddock rotational grazing, on soil carbon (C), nutrient cycling and greenhouse gas emissions (GHGs). We then extend our review to explore challenges of incorporating spatial heterogeneity and temporal variability into monitoring and modelling C and nutrient cycling in grazing lands. We revisit two process-based models (i.e., DNDC and DayCent) and two watershed models (i.e., SWAT and VIC) widely used to simulate C, nutrient and water cycles of these lands. Finally we identify research directions for improving the knowledge base which is essential to conserve grazing lands and maintain their ecosystem goods and services.
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Grazing management includes the variety of decision-making tools needed to involve alteration of the timing, frequency and intensity of grazing events, by altering the number of paddocks, animal density, and severity of defoliation, together with the length of subsequent rest (i.e., recovery) periods for optimizing livestock production and environmental sustainability (Jacobo et al., 2006) . While high grazing stocking can increase livestock productivity in the short-term, high stocking and corresponding intensive livestock production practices with inadequate rest periods may increase GHG emissions and lead to nutrient losses and soil degradation (De Klein and Eckard, 2008) . Despite many successful examples wherein grazing systems have been balanced with livestock productivity, the benefits of multi-paddock rotational grazing to plant and livestock production are still debated, particularly relative to continuous grazing (Briske et al., 2008; Teague et al., 2013; de Groot et al., 2009 ). For example, many studies found that even at low stocking rates, animal preferences lead to patch-selection, and in turn, localized overgrazing due to inadequate recovery of the palatable (i.e., selected) species (Teague et al., 2009; Broadbent et al., 2019; De Bruijin et al., 2010) . While the use of high stocking rates could increase livestock productivity they may also initiate soil erosion and water pollution. Adjustments to grazing, which improve soil and water resources, particularly in nutrient and water limited environments (AAFRD, 2004) , can increase pasture production and lead to sustainable livestock production (Orr et al., 2016) . Although many comparisons of different grazing systems have been conducted, including multi-paddock systems, comparisons among them are complicated by uncertainty within the data from different disciplines and across divergent scales, and a lack of fundamental mechanistic studies identifying the causes of degradation (and comparative improvements) within grazing lands.
A major challenge for grazing managers has been identifying specific grazing systems capable of balancing pasture growth and animal intake, in part due to limitations of narrowly imposed experimental grazing research and resultant knowledge transfer between researchers and ranchers (Teague et al., 2009; Becker et al., 2017; Mann and Sherren, 2018) . Much effort has been made to control grazing intensity (i.e., stocking rate, frequency and duration of defoliation), as well as the season, distribution of grazing and subsequent resting periods to optimize plant and livestock performance (Heitschmidt and Walker, 1996) . However, livestock management and animal husbandry under multi-paddock grazing includes complex processes at the forage-animal interface, which along with stocking rate considerations, affect pasture productivity and 4 sustainability. Ultimately, changes to the sustainability of grazing ecosystems may impact not only global food security, but also key environmental metrices, such as the ability of grazing lands to respond to changes in soil health. Therefore, the challenge to achieving sustainable grazing management (i.e., grazing systems and stocking levels) is to understand all interactions among animal intake, forage and vegetation responses, and soil and water dynamics, connecting belowground to more easily measured above-ground processes (Scurlock and Hall, 1998) . Most studies conducted by researchers do not reflect a broad understanding of the ranchers' perspectives regarding the efficacy of alternative grazing systems (Becker et al., 2017) . As such, the outcome of these investigations may impair progress towards achieving sustainable grazing systems.
Substantial scientific and technological breakthroughs within key knowledge gaps is necessary to enhance conservation of grazing lands. In practice, many of the past studies testing grazing systems might limit relevance to the large, landscape scale at which livestock production occurs, and their rigid treatment structure could omit the adaptive nature of management commonly found on grazing lands (Teague et al., 2013) . Moreover, various research experiments are performed separately in isolation, and thereby lack the systematic connection necessary to reach a consensus of scaling-up strategies due to the inconsistent and very limited context data. As a result, these studies can not scale up to the scale at which most grazing land are utilized and lack the flexibility (i.e. adaptability) of grazing management, thereby leading to a deficiency in the tools/methods available for the assessment of grazing at different scales and locations.
Most studies of multi-paddock rotational grazing are done at small scale (Smith, 2007) , whilst in the real world continuous grazing occurs at the much larger scale. Experimental conditions used in multi-paddock rotational grazing are, therefore, not be a fair representation of the practices. Petrosillo et al. (2010) pointed out that environmental vulnerability is multi-layered, multi-scale and complex, existing in both the objective physical, biological, and social realm, and the subjective realm of individual human perception. Two main knowledge gaps exist in research and the associated management practice of grazing systems: scaling-up from local to complex landscapes, and expanding mechanisms to understand the role of multi-disciplinary perspectives (e.g., ecological vs social). Many questions remain to be answered. For example, how can knowledge of grazing systems and new technologies, be effectively utilized to achieve sustainability of grazing ecosystems by scaling up information?
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The primary goal of this paper is to review the processes of managed grazing systems to identify key knowledge and knowledge transfer gaps between scales and disciplinarity. The secondary goal is to explore a way to integrate evidence and information at different scales, sources and regions, including with that at which management occurs. Emphasis is on the connection among models, data scaling-up and sustainable management. Our intent is not to conduct an exhaustive review of all past literature on the topic. Rather, it is to synthesize information and identify knowledge gaps between the design of grazing systems and experimental data supporting their use and to bridge the knowledge gaps. This review is limited to the management of grazing livestock on areas managed under extensive management systems. This paper is organized as follows. First, we analyze the pros and cons of using different grazing systems, specifically continuous and multipaddock grazing, in Section 2. In Section 3 we review experiments and field studies monitoring grazing lands exposed to different systems considering economic and environmental aspects of sustainability: productivity, nutrient runoff and soil erosion, as well as GHGs. In section 4, we review process-based models, and focus on two flagship models of agroecosystems: DNDC (Li et al., 1992) and DayCent (Parton et al., 1996; . Thereafter, we review watershed modelling with an emphasis on SWAT (Neitsch et al., 2009 ) and the VIC models (Eum et al., 2016) in Section 5. Finally, in Section 6, we point out the current and future needs of grazing system research and management.
Management using grazing systems
Grazing systems can be broadly categorized into two types: continuous grazing and multi-paddock rotational grazing, depending on the length of time that animals remain on a given land area, known as the grazing period. The latter effectively determines whether vegetation is able to recover following a defoliation event (Thomas, 2009) . Generally, sustainable grazing systems strive to balance animal growth/production through forage removal, with the inherent defoliation tolerance of the plant community and resident plant species. As these are competing ecological processes, it is impossible to maximize both forage removal and production (overcompensation withstanding), with associated impacts on vegetation composition and soils. This process is further complicated by the fact that grazing animals do not move and feed at random, but instead favor select areas, including those near water, available salt and mineral, together with easily accessible areas. Given this, grazing lands are never grazed uniformly within a designated time frame, and the spatial distribution of animal impact is rarely uniform. Grazing systems are paramount in aligning forage 6 productivity to livestock production and the maintenance of desirable forage plant composition and productivity (Teague et al., 2009) . Furthermore, design of sustainable grazing land management should account for natural ecosystem goods and services, such as biodiversity retention and habitat conservation, but also resources available, livestock stocking rates, and the availability of time and financial resources.
Continuous grazing
A continuous grazing system allows livestock to graze on a single pasture for an extended period of time, typically the entire grazing season. In temperate environments, this period often coincides with the full duration of the active growing season, and is therefore called 'season-long' grazing.
Its main advantage is that livestock do not require high management attention, with little infrastructure needed (fencing, water development) and labor kept to a minimum (i.e., movement of animals). Continuous systems are usually used for a relatively large pasture base having relatively low productivity, and in which low numbers of livestock limit the justification for costly infrastructure. Continuous grazing also allows for maximum selectivity by animals throughout the growing season, thereby maximizing selection at all times, which in turn increase the relative quality of dietary intake and can favor individual animal gains (Forbes, 2007; Gardener, 1980) . This same factor however, results in continuous grazing being associated with little control over the timing, distribution and intensity of grazing. Even at low stocking rates, patch-selective overgrazing can occur (Teague et al., 2009) . Repeated use of palatable plant species within these patches causes them to decline in abundance, and even be lost from the forage sward, a process that can occur under even moderate stocking rates. Moreover, extensively distributed use by grazing animals over a large pasture leads to highly heterogeneous utilization, and this usually results in lower livestock productivity (per unit area) due to the lack of use of much of the forage resource. While continuous grazing helps maintain animal performance during periods of slow forage growth (by maintaining selectivity), a low stocking rate is required to ensure adequate forage quantity and quality.
Degradation of grazing lands and biodiversity loss are common under continuous grazing because the damage during overgrazing exceeds pasture recovery (Müller et al. 2007 ). However, it should be noted that this degradation may be limited to only a small fraction of the overall grazing area, depending on the degree of selectivity exhibited by livestock and the associated stocking levels.
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High stocking levels are likely to increase the negative effects of continuous grazing, because the area exposed to heavy, repeated re-use over time throughout the growing season will expand.
Aside from the benefits of limited fencing and low daily management, this approach is most effective where forage availability is plentiful and the stocking rate is low, as required in steppe environments and arid grasslands. Furthermore, another benefit to continuous grazing is the limited presence of fences, which allows wild animal movement to be maintained. Grazing lands subject to continuous grazing systems can provide natural functions and generally remain welladapted to both water and temperature stress (Borken & Matzner, 2009 ). This includes maintaining high carbon-use efficiencies (Maseyk et al., 2008) and soil organic carbon (SOC) storage (Lal, 2004; Yang et al., 2019) , reduced land use impacts, and biodiversity benefits.
Multi-paddock rotational grazing
A multi-paddock grazing system is designed to control the timing, frequency and intensity of grazing by altering the length of the grazing period (Stanley et al., 2018; Teague et al., 2009) .
Using this system, grazing lands are separated into small patches or paddocks, and livestock are only allowed to access to relatively small parts of a pasture for a relatively short period. Thereafter, livestock are moved (rotated) through additional paddocks in sequence to ensure that desirable forage plants experience tolerable leaf area loss and have adequate time for recovery before being re-grazed (Da Trindade et al., 2012) . Since adequate rest periods are an essential tool for managing grazing land productivity, recovery is determined by many factors, such as the inherent grazing tolerance of the plant species, plant phenology and rate of growth given the season, length of prior rest, weather and moisture availability, soil conditions including management factors, such as, fertility, irrigation for arid lands. . Ideally, multi-paddock grazing adjusts animal movement from each paddock to allow a length of plant recovery time adequate to ensure plant vigor and productivity given factors such as plant species and growing conditions. The benefits of multi-paddock rotational grazing on livestock production have been realized (McDonald et al.,2018) . By using high animals densities in small areas, multi-paddock grazing allows for more uniform forage offtake and subsequent manure/urine distribution, thereby cycling nutrients to the soil more effectively and preventing the redistribution of nutrients from grazed areas to loafing/bedding areas. When utilized properly, multi-paddock grazing may maintain plant vigor at higher levels throughout the landscape, thereby maintaining or increasing forage 8 productivity, and under ideal conditions, future stocking rates. Multi-paddock grazing can help improve livestock productivity, measured as meat or milk production per hectacre, and overall net returns to the operator. However, the optimal recovery time under rotational grazing also depends on the season or time of year, which in turn, determines conditions such as day length and temperature. Grazing system sustainability depends on the length of the grazing period because grazing lands need an adequate recover interval prior to re-grazing. McDonald et al. (2018) indicated that sustainable grazing strategies incorporating periods of planned rest can improve the functionality and productivity of agricultural landscapes compared to continuous grazing.
However, multi-paddock grazing is not necessarily superior to continuous grazing (McDonald et al., 2018; Briske et al., 2013) . As a form of management-intensive grazing, multi-paddock grazing requires detailed knowledge of plant ecophysiology and plant community ecology.
Additionally, the use of high stocking densities can create greater risk to vegetation and soils if even small increases in grazing periods occur over and above optimal intervals. In dry or arid grazing lands, plant growth rates can be so slow that the need to have short grazing intervals is less important. Instead, pasture recovery will require a longer rest period in dry summers and arid rangelands. Moreover, these same conditions (aridity, low productivity) are not conducive to the use of small pastures due to the lack of drinking water, and low productivity, which would greatly increase costs per unit animal production. In contrast, multi-paddock grazing may be most effective in wetter and warmer seasons. Determining the number of days of rest required is, unfortunately, not a simple calculation. Understanding these factors and implementing the optimal grazing system is key to effective grazing management. However, this requires more knowledge and experience of forage plants, grazing intensity and pasture-animal interactions through watching and evaluating how pastures grow and recover. Furthermore, multi-paddock grazing requires more fence to be constructed, greater time requirements to move cattle, and reliable access to water and shade within each smaller paddock, leading to greater costs per unit area, and therefore unit animal production.
Paddock Design for optimal grazing management
The ideal layout of pastures to facilitate rotational grazing depends on the local landscape, vegetation, and soil conditions, together with the availability of drinking water. Here we focus on managed multi-paddock grazing lands because this approach may enhance the vigor of preferred 9 plants, improve profitability and associated quality of life (Becker et al., 2017) . Optimizing the grazing system can make a farm more productive and profitable. A multi-paddock grazing system is rotational to allow the more uniform seasonal forage productivity and increased stocking rates through a balance among utilization rate, animal consumption, forage yield and stocking rate (Fig.   1 ). Therefore, multi-paddock grazing management is essential to control livestock distribution in time and space, as well as allow adequate pasture recovery to maintain or improve the grazing resource.
Four basic parameters of paddock design include: 1) a balance between forage yield and livestock stocking rates, 2) attaining a uniform distribution of forage removal across each paddock, 3) an adaptable rest period during the interval between successive grazing period to ensure recovery and maintain pasture growth, and 4) matching the type of livestock with the composition and supply of forage. However, this summary is oversimplified because in multi-paddock rotational grazing, while selectivity is reduced, it is not eliminated, and therefore grazing animals still demonstrate a preference for certain species. Muller et al. (2007) showed that grazing management requires an adaptive framework to deal with this complexity, and which are mainly driven by unpredictable and stochastic rainfall. Therefore, the frequency and timing of livestock movement is very important and demands constant monitoring. Understanding the phases of annual forage growth, the corresponding instantaneous rates of growth, and the timing of the growth period for each forage species, are critical to facilitating management decisions, desinging adequate grazing and recovery periods. The overall conditions of a forage stand affect the number of animals that a pasture can support and the length of grazing, further modified by climate, fertilization, irrigation, and seasonality. Records of animal intake and pasture productivity are essential for maintaining pasture quality and optimal paddock designs.
However, this increases labor cost to maintain the system since pastures will need to be checked more frequently. Furthermore, livestock are typically moved more frequently when plant growth is more rapid, and depends on frequent assessment of vegetation development and adaptation to use.
Effects of grazing intensity on SOC, GHG emissions and other indicators
Current studies focused primarily on collecting data to learn as much as possible about management actions (i.e., treatments) imposed at individual sites. However, there are many inconsistences among studies, including: 1) nuanced differences in grazing treatments, contrasting methods during soil sampling and chemical analyses, and variation in statistical analyses used to compile data over the long-term, leading to different formats, accuracies, units and structures of long-term data, and ultimately to inconsistent interpretation of results (Singer and Munns, 2006) , 2) varied vegetation and soil responses to grazing along specific abiotic gradients due to ecological complexity (Wang and Wesche, 2016) , and 3) profound differences among the temporal and spatial scales assessed. Overall, most data lack long-term temporal, spatial or methodological generality, obscuring the grazing impact mechanisms that determine ecosystem responses in grazing lands to new environments, or novel 'non-analogue' future conditions (Abdalla et al., 2018) . The main aim of the evidence review is to identify knowledge gaps, overcome inconsistencies to eventually derive mitigation objectives.
Experimental setup, field sampling and indicators
Many field experiments compared effects of contrasting grazing practices on soil health, water infiltration, soil carbon stock, greenhouse gas emissions, nutrient runoff and soil erosion and grass cover (Wang et al., 2014; 2016) . Controlled grazing experiments were commonly designed to use a gradient of grazing intensities, varying from ungrazed to very heavy grazing (Biondini et al. 1998; Patton et al. 2007 ) for a comprehensive analysis of grazing system responses to grazing.
They found that belowground carbon stocks were higher than aboveground carbon in all management regimes. Badgery et al. (2017) performed a grazing system experiment to determine effects of the intensity of grazing management, varying from continuous grazing to flexible 4-and 20-paddock rotational systems, on the profitability and sustainability of a sheep production system. Their results showed large variations in feed availability and quality over summer among years and flexible management were therefore suggested to utilize the greater feed supply in better seasons.
Wang and Wesche (2016) compared two groups of grassland indicators: vegetation (plant species richness, vegetation cover, aboveground biomass, belowground biomass and root/shoot ratio) and soil (pH, bulk density, SOC, total N, total P and available P) at sites with gradient grazing intensity.
Most performance indicators declined with high stocking rates, while soil pH, bulk density and belowground biomass increased linearly with grazing intensity. Elevation and weather conditions had an impact on aboveground biomass and SOC while grazing effects on belowground biomass were affected by temperature. Savian et al. (2018) reported that multi-paddock rotational stocking at pre-and post-grazing sward target heights of 25 and 5 cm and 18 and 11 cm, respectively. They found a rotatinuous stockinghad a high potential to mitigate methane emissions by sheep. Jones et al. (2005) found that soil respiration from plots receiving manure was up to 1.6 times larger than CO2 release from control plots and up to 1.7 times larger compared to inorganic treatments (p<0.05).
Carbon Input-Outputs: Vegetation diversity, productivity and quality
A large body of experimental evidence (Biondini et al. 1998; Patton et al. 2007) showed the impact of grazing management on biodiversity, SOC and GHG emission, nutrient run-off and leaching, and forage productivity . Lyseng et al. (2018) examined long-term grazing impacts on vegetation diversity, composition, and exotic species presence across an aridity gradient in northern temperate grasslands, and found that long-term grazing increased plant diversity, particularly the contribution of introduced vegetation, compared to the removal of grazing. Hewins et al. (2018) found that while climate had the largest impact on soil organic carbon concentration, grazing increased C concentration in more mesic grazing lands of Alberta, Canada. Flanagan et al. (2015) estimated ecosystem photosynthesis and net primary production from remote sensing measurements in a northern Great Plains grassland. Although substantial advances have been made in these areas, many gaps in our knowledge remain. Schönbach et al. (2009; performed five-years of trials with seven grazing intensities to assess ecosystem functioning in the Sino-German experimental sites, and estimated grazing-intensity effects on yielding performance, herbage quality and aboveground net primary production (ANPP). Herbage mass decreased linearly as the stocking 12 rate increased. Herbage crude protein content was highest at high stocking rates, while lignin was lowest. The ANPP of production units was negatively affected by grazing stocking rates Gourlez de la Motte et al. (2018) monitored the net ecosystem exchange (NEE) and CO2 fluxes using eddy covariance in two adjacent pastures located in southern Belgium during a complete grazing season.
Their results showed that NEE fluxes were greatly affected by the grazing approach. used airborne imaging spectrometry to estimate the spatial pattern of productivity and biodiversity for two sites of contrasting productivity in a southern Alberta prairie ecosystem. Their reults showed that more diverse sites generally had greater productivity, supporting the hypothesis of a positive relationship between production and biodiversity for this site. Teague et al. (2016) indicated that grass cover under proper management is highly effective in reducing soil erosion and in increasing SOC stocks. A meta-analysis by Zhou et al. (2017) showed that livestock grazing activities potentially alter ecosystem carbon (C) and nitrogen (N) cycles in grassland ecosystems. Sustainable grazing leads to ecologically healthy, resilient agroecosystems and simultaneously reduces large quantities of anthropogenic GHG emissions. Badiou et al. (2011) studied GHGs and soil carbon sequestration potential in restored wetlands of the Canadian prairie pothole region. Li et al. (2012) studied SOM and carbon and nitrogen in grazing land. SOC and N stocks on a rough fescue grassland were not affected by grazing while soil bulk densities (0-30cm) were higher. Phosphorus (P) stocks (15-30 cm) were lower under grazing than ungrazing.
SOC and N Cycle as a Function of Grazing Intensity
Labile SOM responds to grazing at different slope positions is heterogeneous. Slope position plays an important role in regulating the response of labile soil organic matter to grazing . In the bottom position, SOC, Total N, active C, NH4 + -N, soil protein and water extractable N contents were higher under light grazing than under Heavy or Very Heavy grazing while in the top position, no significant differences were found among the three grazing treatments. Gao et al.
(2018) investigated soil trace gas fluxes from grasslands in the foothills of the Rocky Mountains, Alberta. The grazed grassland soils increased 37 to 51% of CO2 compared to ungrazed soils. The N2O emissions under heavy and very heavy grazing were 122 to 179% greater than ungrazed in the wet season. There were no effects of grazing on N2O emissions in the normal precipitation season. Bikila et al. (2016) compared grazing during the dry season with grazing enclosed for 20 years and burned grazing lands after fired for more than five years in Borana rangelands, Ethiopia.
Their results showed that belowground carbon stocks were higher than the aboveground carbon stocks in all management systems. Tree and shrub carbon and soil organic carbon stocks were higher (P < 0.01) in rangelands enclosed for 20 years than other rangeland management systems, whereas grass carbon stocks was higher (P < 0.05) in fired rangelands.
McSherry and Ritchie (2013) conducted a multifactorial meta-analysis of grazing influences on SOC stocks on 47 independent experimental contrasts from 17 studies. They found that increasing grazing intensity increased SOC by 6-7% on C4-dominated and C4-C3 mixed grasslands, but decreased SOC by an average 18% in C3-dominated grasslands. Zhou et al. (2017) Although enormous data have been collected on an exceptionally large number of variables, including soil properties ( SOC, N, soil moisture, density, clay fraction) and management (grazing intensity, and fertilization), our understanding of underlying processes and quantification of environmental impacts and the underlying processes regulating soil C and N remains piecemeal.
McSherry and Ritchie (2013) suggested that grazers in different regions may need to be uniquely managed to mitigate GHGs because . the effects of grazing on SOC stocks and GHGs are highly variable. Impacts of grazing on SOC stocks are in part because SOC stock and GHGs rely heavily on climate/weather conditions, soils, vegetation type, and grazing intensity at a variety of scales (McSherry and Ritchie, 2013; Belknap et al., 2005; Teague et al., 2011) . Agro-climatic regions are particularly important for determining the vulnerability of grazing lands to climate change. For example, warmer and wetter climates can produce a shift in grassland species composition from C3 to C4 plant species. White et al. (2014) reported that herbage quantity and quality responses to climate changes were mainly influenced by warming and reduced precipitation at three northern temperate grassland sites across the Canadian prairies. Reduced precipitation decreased seasonlong accumulated herbage. Both reduced precipitation and warming decreased herbage quality but clipping increased quality. In tropical areas with higher rainfall, moderate grazing or higher stocking rates can be positive for soil carbon storage due to greater pasture growth. This, in turn, can increase soil attributes such as organic matter and water-holding capacity (Hebb et al., 2017) .
In contrast, intense grazing in arid and semi-arid grazing lands may reduce vegetation cover due to slow pasture growth, resulting in increases of wind erosion and a coarser soil texture. These factors can cause grasslands to become more vulnerable to SOC losses.
Due to the large number of combinatory factors in regulating grazing systems (vegetation x
Animal Species x Environment x Management), regional management guidelines (stocking, timing, fertilization and irrigation, etc.) of multi-paddock versus continuous grazing are challenging. The debate regarding the relative ecological benefits of multi-paddock grazing compared to less intensive continuous grazing, has been prolonged by misinterpretation of concepts and terminology, evaluation of different response variables, and bioclimatic variability among regions, in addition to inherent intra-and inter-annual variability of grazing land systems (Briske et al., 2008; Teague, 2013; Mann and Sherren, 2018) . This is partly because previously conducted field experiments cover only small parts of this complexity, and lack the real-world complexity to which actual grazing land are exposed. Thus, sustainable long-term grazing management strategies are still lacking, and grazing-land degradation is still immense.
Therefore, efficient grazing management and grazing conservation require both a modification to the traditional management pattern and a reduction in overall livestock (Li et al. 2007; Suttie et al. 2005) . Further studies should consider specific characteristics of different indicators in the context of the different regional environment (Wang and Wesche, 2016 ). An optimal grazing strategies exists between intensive multi-paddock grazing and continuous grazing. However, evidence is minimal that more intensive multi-paddock grazing lead to improved ecological outcomes, e.g. soil C sequestration. Considerable uncertainty exists about the impact of large herbivore grazing on SOC, especially for subtropical grazing lands and impact of grazing on partitioning of C allocation to root tissue production compared to fine root exudation (Wilson et al., 2018) .
Currently, the evidence on C sequestration does not justify extensive promotion and adoption of intensive multi-paddock grazing strategies, especially in arid and semi-arid regions.
Biogeochemical -Agroecosystem (BGC-AGC) models
Incorporating grazing management component into biogeochemical models such as DNDC (Li et al., 1993) and DayCent (Parton et al., 1998) has received much attention since these models integrate several domains, represent the current state of knowledge as a system framework and are more widely applicable than some other ago-ecosystem models (Rolinski et al, 2018; Sandor 2018; Vuichard 2007) . .
Both the models require an enormous amount of diverse data, which is a formidable challenge but an essential step towards improving our understanding and ability to simulate C and N dynamics in grazed ecosystems. We are essentially dealing with four domains, i.e., plant, soil, animal (+human), and atmosphere, for which domain models exist (e.g. forage productivity by Barrett et al., 2005) , and with integration of these domain models (e.g van Oijen et al., 2018 ) .
Livestock manure applied to grazing lands and faesces from grazing animals can stimulate forage production, but the long-term impacts of this practice on soil C and GHG dynamics are poorly understood. Developing grassland models can effectively support efforts to tackle climate change impacts, while increasing productivity and enhancing ecosystem services. However, both the models are limited in their plant growth domain and hence need to be calibrated for describing forage production.
Denitrification and Decomposition model (DNDC)
The DNDC is a mechanistic simulation model of C and N dynamics intended to study the biogeochemistry of soil carbon in arable lands. DNDC contains four interacting submodels:
thermo-hydraulic, denitrification, decomposition, and plant growth. The soil thermo-hydraulic submodel simulates soil temperature and moisture profiles, which feed into the denitrification submodel and decomposition submodels. The decomposition submodel tracks soluble nitrogen and N pools in soil from decomposing plant residues and soil microbes growth and death, and the denitrification submodel is controlled by rainfall to calculate hourly denitrification processes, and therefore N2 and N2O production. All organic components distinguish four major SOC pools, namely residues, microbial biomass, humads, and humus. Each of the residue, microbes and humad pools consists of two or three sub-pools representing the relatively labile and resistant fractions of the pool. The humus pool is defined for the passive humus, which is relatively resistant and can remain so for decades to centuries in the soil. The plant growth submodel calculates daily root respiration, plant growth, N uptake by vegetation, growth intensity controlled by climate, nutrient and soil water status. Effects of agricultural practices (fertilisation, irrigation, tillage, crop rotation, and manure amendments) are incorporated into the model. Therefore, input datasets of land management practices are large sources of uncertainties in the N2O emissions in grazing lands (Li et al., 1992; Wang et al., 2012; Yadav and Wang, 2017 ).
The DNDC model has been parameterized for the main types of grazing management to describe C and N turnover and GHG emissions under different grazing intensities, including the range of partitioning between above-and below-ground biomass. The combined model has been developed for soil and pasture of different grazing lands. Wang et al. (2012) modified the UK-DNDC to represent an enhanced livestock grazing function. For grazed pastures, animal grazing was parameterized according to grazing animal type, number, weight and timing. The amount of dung and urine from each animal was calculated to obtain the total amount of dung and urine produced per site. Grazing intensity per hectare was defined as the number of grazing animal number and grazing days, with corrected factors of animal weight during each grazing event.
DayCent model
DayCent is the daily time-step biogeochemical model based on CENTURY (Parton et al., 1995 (Parton et al., , 1996 (Parton et al., 1998 , which consists of several submodels of SOM cycling, denitrification, nitrification, and phosphorus dynamics. It models soil C and N cycle, GHG emissions (e.g. N2O, NO, N2, NH3, CH4 and CO2), plant growth, and net primary production in croplands, grasslands, forests and savannahs. The DayCent can simulate a wide range of crops and grasslands by altering a number of plant specific parameters. Plant production is simulated using a maximal production function constrained by temperature, water, and nutrients. Plant biomass uses five pools for live shoots and roots, and standing dead plant material and actual plant biomass production is a function of a genetic maximum defined for each crop. Plant residues are allocated into structural and metabolic pools within the SOM submodel. Each pool is divided into three SOM pools with different turnover rates/halflives. Agricultural practices (such as fertilization, tillage, irrigation, cutting and grazing) can be integrated into grazing lands on a daily basis, with aa fraction of the total boveground biomass removed to mimick biomass, and where the latter in turn, is regulated by the type of grazing system. Owen et al. (2015) simulated long-term impacts of manure amendments on soil carbon and greenhouse gas dynamics of rangelands using DayCent in Marin and Sonoma counties, California, USA, comparing C and N stocks of manured and non-manured treatments on commercial dairies.
Due to manure amendments, the total soil C and N pools increased with the onset of grazing by dairy cattle. Manure amendments increased soil C stocks by 19.0 ± 7.3 Mg C ha −1 and N stocks by 1.94 ± 0.63 Mg N ha −1 . respectively, compared to non-manured fields at 0-20 cm soil layer.
N2O emissions were proportional to total N additions and offset 75-100% of C sequestration. They also simulated long-term historical (1700-present) and future (present-2100) impacts of management on soil C and N dynamics, net primary productivity (NPP), and GHG emissions using DayCent. Modelling uncertainty was due to user adjustable parameters, such as organic matter input rates and the maximum nitrification rate. It is also due to the way the model handles some parameters, e.g. keepingsoil bulk density and pH constant through time despite their most like change. Henderson et al. (2015) using the Century and Daycent models for similar simulation scenarios, evaluating the net GHG mitigation potential for the world's native and cultivated grazing lands. (from 100% to 50% of the initial livestock densities) in combination with decreasing N fertilization levels (reduced to zero from the initial levels). They found that simulated patterns of enteric methane emission were characterized by high model-to-model variability. They alerted to the limitation of management variables and the lack of comprehensive validation data sets.
Comparison of process-based BGC-AES models

Nevertheless, it is important to compare alternative modeling approaches for grassland and analyze
their response uncertainty to variation in grazing management and explore the possibility of using models to determine sound mitigation practices. Grant et al. (2016) compared DayCent and DNDC models using data from long-term experiments in three locations on the Canadian prairies. They found that both models provided good results when used to investigate inter-annual crop production, soil carbon change, and N2O emissions for N fertilized wheat systems. Main processes, such as microbial processes (nitrification or dentrification) ,and their interactions with one another equires to be further improved to estimate carbon change and trace gas fluxes.
Ehrhardt et al. (2018) conducted an international model comparison and benchmarking exercise
of 24 process-based biogeochemical models for assessing uncertainties in crop and pasture ensemble model simulations of productivity and N2O emissions. Across sites and crop/grassland types, 23%-40% of the uncalibrated individual models were within two standard deviations of observed yields, while 42 (rice) to 96% (grasslands) of the models were within 1 standard deviations of measured N2O emissions. A higher uncertainty of grasslands many be due to spatiotemporal variabilities of animal movement and grazing intensities (historical integration and/or trajectories) that are likely to affect soil processes as well as productivity. However, the principles have to be maintained in spite of the significant uncertainties of underlying processes at multiple spatial and temporal scales (Wang et al., 2012) . From this point of view, the process-based model can be improved for the relationships (or their absence) through the expression of the spatial and temporal trajectories of the stochastic grazing processes studied by clarifying the ambiguity of the grazing and stocking rates or grazing intensity. Ehrhardt et al. (2018) questioned the use of model ensembles for upscaling projections of agricultural productivity and N2O emissions from field scale to larger spatial units due to soil spatial variability which is likely to reduce the accuracy of model projections. Current biogeochemical models usually do not differentiate the effects of grazing intensities on hydrological processes (Shrestha and Wang, 2018b; Shrestha et al., 2018) , which often creates a great challenge to the prediction of future feedbacks among the grazing intensity, nutrient runoff and the C and N cycle. Biogeochemical models models may need to differentially treat with grazing intensity in order to develop a more precise process-based mechanism for forecasting the feedback of grassland ecosystems to hydrological processes.
Watershed-scale Modeling
In many watersheds, grasslands above headwater streams and ponds can contribute to flooding control, trapp sediments and pollutants, retain nutrients, and maintain biological diversity, which extends into downstream reaches, lakes and estuaries (Riley et al., 2018) . Watershed-scale modeling is a powerful instrument for simulating changes in nutrient runoff and water quality from grazing lands under diverse environmental and management scenarios (Islam et al., 2018) . The Soil Water Assessment Tool (SWAT) and the Variable Infiltration Capacity (VIC) are two typical of watershed models (Arnold et al., 1998; Shrestha and Wang, 2018a; Eum et al., 2016) . The SWAT is a land surface-atmosphere interactions model that has its origin in hydrological science, while the VIC is a process-based hydrologic model that considers the energy and water balance across the land surface (Eum et al., 2016; Dibike et al., 2018) .
Soil & Water Assessment Tool (SWAT)
The Soil & Water Assessment Tool (SWAT) is a hydrological model at a watershed and river basin-scale. Digital Elevation Model (DEM), land use, and soil are used for generation of hydrological response units (HRUs) which includes a unique combination of land use, soil and slope. It is widely used in assessing the quality and quantity of surface and ground water, soil erosion prevention and control as well as in predicting the environmental impact of land use, land management practices, non-point pollutant sources and climate change (Arnold et al., 1998; Neitsch et al., 2011; Shrestha and Wang, 2018a) .
The SWAT uses the conceptual C and N pools with varying turnover rates (Neitsch et al., 2011) .
In the original SWAT, the addition of manure, fertilizers, and litters are partitioned into five nitrogen pools: NH4 + , NO3 -, active, stable and fresh and into one-pool soil organic matter pool.
Nutrient cycling (i.e., C and N) are closely linked to soil, plant and microbial processes in the SWAT to combine the soil factors (i.e, soil temperature, soil moisture, aeration and clay fraction).
Fresh N is associated with plant residue and microbial biomass. The stable and active pools represents the soil humus.
The conceptual C and N pools in the SWAT were originally developed for assessing nutrient runoff and leaching related to water quality. The response of grasslands and rangelands have been simulated using manure applications from domestic animals, direct shedding (excretion) by livestock, estimating directly release to streams or groundwater and runoff to surface water system (Chanasyk et al., 2003; Shrestha et al., 2018b; Shrestha and Wang, 2019) . Chanasyk et al. (2003) simulated surface runoff from grassland watersheds under three grazing intensities: ungrazed projected to be warmer and wetter, relative to the base period. They found that climate changes can lead to decreased carbonaceous biochemical oxygen demand (cBOD) concentrations, mainly due to dilution and increased degradation. Further, a warmer future climate increased the tempearature which in turn reduced the dissolved oxygen (DO) concentrations. Therefore, under a changing climate, these cold regions could be more vulnerable than others because some special geographic features of the regions, such as glaciers, freezing soils and peatland, are more sensitive to changes in temperature and precipitation (Cui and Wang, 2019) . This can impose serious threats on the water resources, sustainable goods production and ecosystem services that depend on regional water quality. Park et al. (2017a; 2017b) and nutrient runoff at the watershed outlet can be reduced by 34% to 40% compared to using MP instead of HC grazing. Therefore, heavy grazing management with high stocking rates can cause substantially higher levels of runoff, sediment and nutrient losses to surface water systems.
Variable Infiltration Capacity (VIC) Model
As a large-scale process-based hydrologic model, the VIC model has basic features of land surface models (LSMs) that simulate the exchange of surface water and energy fluxes at the soilatmosphere interface (Liang et al., 1994; 1996) . The VIC model is also capable of capturing subgrid variabilities in land surface vegetation classes, soil moisture storage capacity, and topography (i.e.g, reflecting orographic precipitation and temperature lapse rates). In particular, VIC has notable strength in modelling hydrologic processes in cold regions (e.g., frozen soil, limited thaw depths, or where snow accumulation, ablation, and melting processes are common) Lettenmaier, 1999, Cherkauer et al., 2003) .
Over the last decades, VIC has been updated many times and improvements made to multiple soil layers (Liang et al., 1996) , dynamically coupling with a two-layer energy balance snow model (Andreadis et al., 2009) , frozen soil (Cherkauer and Lettenmaier, 1999) , permafrost algorithm (Adam and Lettenmaier, 2008) , soil temperature heterogeneity method (Cherkauer et al., 2003) , water table depth from soil moisture and texture (Bohn et al., 2013) , blowing snow algorithm (Bowling et al., 2004) , and elevation bands algorithm (Nijssen et al., 2001) . VIC has also been recently updated to include a dynamic lake/wetland model that simulates permanent lakes, seasonal flooding of vegetated land and timely-varying exposed fraction of land covers within a grid cell (Bowling and Lettenmaier, 2010) . Along with the improvements, the VIC model has been extensively applied for assessment of climate and land-cover changes on hydrologic systems (Eum et al., 2016; Shrestha et al., 2014) , drought (Sheffield et al., 2004) , and floods (Park and Markus, 2014; Schumann et al., 2013) .
It is noted that the VIC has been modified to dynamically couple with carbon cycle processes that simulate photosynthesis, autotrophic respiration, and heterotrophic respiration with three soil carbon reservoirs (Bohn et al., 2013) . Wetlands are recognized as carbon sinks, which store excess carbon from the atmosphere (Fung et al., 1991) . Corresponding to the volumes of wetlands, the carbon stored in wetlands is released to the atmosphere in the form of methane. In other words, degradation and drainage of wetlands leads to methane release to the atmosphere. In addition, fluxes of GHGs are highly dependent on soil moisture and temperature (Ringeval et al., 2011) , Therefore, modeling of dynamic lake/wetland areas is crucial to simulate GHG fluxes. Bohn et al.,
(2013) integrated a modified wetland methane emission model (Walter and Heimann, 2001) employing soil temperature, net primary productivity (NPP), and water table distribution derived from the VIC model for the Western Siberian Lowland. To employ the effects of grazing management into the VIC model, biochemical parameters need to be modified and a biogeochemical model (e.g., DayCent) need to be linked to further simulate a set of essential fluxes affected by the grazing management practices.
Current Trends in modelling for better management of grazing grasslands
Grazing systems contain complex interactions among grazing practices, biogeochemical processes, and hydrological drivers, often in unpredictable ways. The spatial and temporal heterogeneity of grazing lands coupled with highly variable management inputs minimizes the likelihood that a given management practice will consistently produce similar outcomes in all cases (Briske et al., 2014) . Despite many successes in long-term experiments and modelling, the sustainability of grazing ecosystems is very complex due to a huge number of possible combinations of soil, water, climate, pasture species, livestock and farm practices. These field data represent a small part of the huge number of possibilities, and therefore remain inadequate to validate these models. Moreover, management of grazing lands requires highly adaptive approaches. The C and N cycles are strongly interrelated and dependent on soil, climate, and grazing management condition as well as on the timescale (Kayser et al., 2018) . System modelling is key to effectively facilitate the learning required to create management strategies that fit specific economic and ecological conditions, and in turn, accommodate the inherent uncertainties of grazing land systems. Therefore, many process-based models have been developed. A current trend is to integrate biogeochemical and hydrological processes coupled with highly grazing management practices and monitoring networks. Challenges integrating BGC-AES and Hydrological Catchment Models exist in four categories: 1) Confusion and inconsistence in terms of grazing management goals and management practices, 2) extreme complexity in integration of animal movement and grazing intensity and excretion based on the highly adaptive nature of grazing practitioners, 3) linking SOM decomposition with soil microbial activities in land surface models, and 4) integration of biogeochemical and hydrological processe for the spatial and temporal heterogeneity at catchment scale.
Confusion and inconsistence in terms of grazing management goals
Different goals, abilities, values and opportunities of grazing research and management are multi-layered, multi-scale and complex. This could cause multiple and ambiguous meanings in both the objective physical, biological, and social realm, as well as the subjective realm of individual human perception in spite of attempts to standardize definitions. For example, the persistence of the multi-paddock rotational grazing debate is, at least in part, due to a wide range of goals and values among those individual responsible for managing grazing lands.
The multi-paddock grazing are suitable for increasing plant and livestock production while the continuous grazing are for maintaining ecological benefits, such as wild animal movement, biodiversity and wild conservation and slow pasture growth at low management due to arid conditions. However, the goals of continnous grazing in most ranchers' practices are also to increase plant and livestock production while this is economically viable to make sufficient returns to support their operation. Consistent with producer experience, published data from small paddock trials on both temporal and spatial aspects of grazing management demonstrate at least some capacity, even if not consistent across all conditions, for higher production under multipaddock rotational grazing if applied appropriately, compared to continuous grazing. Though the benefits of multi-paddock grazing management on commercial livestock production have been realized in many countries, they may be limited by experimental grazing research and knowledge gaps. Because the vast majority of grazing experiments conducted since 1980 have examined intensive multi-paddock grazing systems with short-duration (Briske et al. 2008 ), they do not necessarily work for specific ecological purposes (e.g. biodiversity, C stocks and GHGs) in large scale. Many recent studies suggest that multi-paddock grazing benefits neither vegetation nor animal production relative to continuous grazing. Thus, the debate regarding the benefits of multipaddock grazing has eluded resolution within the US rangeland profession for more than 60 yr (Briske et al., 2011; Broadbent et al., 2019; Teague et al. 2013) . Roche et al. (2016) also showed considerable debate remains over the efficacy of multi-paddock grazing systems to enhance conservation and agricultural production goals on grazing lands. Particularly, the majority of grazing experiments are short in duration, and use rigid rotational protocols to increase replicability. Rigid rotation is not consistent with adaptively managed grazing strategies.
Furthermore, they likely do not measure intensively enough to assess the full 'landscape' scale responses occurring (Teague et al. 2013) . Nor do they contain the adaptive/flexible treatments that ranchers actually employ under real world variability. Therefore, it should not be surprising while research findings often suggest multi-paddock grazing management is not superior to continuous grazing. Conflicting management practices may address different goals of sustainable grassland functions (Crohn and Bianchi, 2008) .
A quantitative accounting of the potential managerial contributions to the success of multipaddock rotational grazing systems using system modelling is a prerequisite for addressing the controversy. Such a system model should consider interactions between natural variables, such as climate, soil, and pasture, and human variables, such as goal setting, stocking, experiential knowledge, and decision making. It should be indicated that effects of spatial and temporal scales on both economic and ecological goals should be studied between the trials and on-ranch adaptive grazing management strategies (Mann and Sherren, 2018; Qi et al., 2017 Qi et al., , 2018 . Conducting trial research on multi-paddock rotational grazing should be complementary with systems-level simulation modeling. These methods are particularly applicable where results of multi-paddock rotational grazing are used for assessing rangelands over decadal time frames at large scale.
Resolving the discrepancies between the grazing systems research and management knowledge base will require an adequate framework to evaluate and manage complex adaptive systems (Briske et al., 2011) . This is involving multiple economic and ecological goals, which requires substantive communication and novel approaches to participatory research between scientists and managers. Detailed comparisons of grazing methods and practical experiences of successful practitioners of multi-paddock grazing systems should identify numerous areas that explain why such different perceptions have arisen. Many researchers have failed to sufficiently account for these management factors, either in their treatment applications or in the evaluation of their results.
To define the potential impact, researchers must quantify the management strategies for best achieving whole-farm business and ecosystem results under different perception and goals of grazing management.
Animal movement and grazing intensities
Variables associated with grazing intensity included a mixture of grazing management (stocking rates, and pasture recovery time) and animal preferences (water and pasture) and ranch characteristics (land types, climate regions, and ecoregions).
Variation and movement in animals and pastures are major sources of uncertainties that can bias results if inappropriate experimental designs or sampling techniques are used. Multi-paddock grazing requires logistic details: the paddock size, position and gate sites, stocking rate, and timing of movement through the rotation. Timing is dependent on a number of variables, such as stocking rate and forage quality and quantity. However, the key component required for modelling GHGs, nutrient cycle and soil health and grass regrowth is the movement and preferences of animals within a paddock, which is the grazing heterogeneity. The animal grazing depends primarily on the distribution of palatable species and water sources but also on the strategy and type of animal.
Knowledge of the grazing intensity and distribution is also essential for animal moving frequency based on desired animal number and rate of weight gain to develop process-based models for rotational grazing system. The failure to account for related plant and animal processes at appropriate temporal and spatial scales can result in incorrect representaion in the process-based models for grazing land management. The lack of effective monitoring animal movement at a large spatial scale severely limits research on the mechanism, model development, and simulation of animal behaviors. Without that, the grazing intensity cannot be quantified, which results in insufficient analysis and simulation of processes dependent on animal movement and grazing intensity. Improvement in remote sensing-based monitoring of animal movement and pasture
quality might be helpful to analyze and understand these couple processes and mechanisms.
Collaborations in multi-disciplinary and multi-partnerships will show the way.
The complexity within these models originate from the multiplicity of factors involved and resulting spatial and temporal variabilities of animal activities in time, in other words, their prior use patterns and trajectories. As a consequence, causal relationships between animal activity and grazing intensity are difficult to establish, but remain fundamental to building the grazing model and understanding these causal links. From this point of view, the process-based model can be improved for the relationships (or their absence) through the expression of the spatial and temporal trajectories of the grazing processes studied, including clarifying the ambiguity of specific grazing practices such as stocking rates or grazing intensity, as well as the length of the grazing period.
SOM decomposition kinetics
There are three areas of interest for possible improvements of C and N models: i) soil biology, comprising SOM heterogeneity, decomposition kinetics; ii) soil hydrology, lateral flow and its effects on reaction rates; and iii) grazing management, which affect manure distribution and heterogeneity by modifying soil physical, chemical and biological properties (Brilli et al., 2017; Bhanja et al., 2019a Bhanja et al., , 2019b Shrestha et al., 2018a Shrestha et al., , 2018b .
Current land-surface models usually do not differentiate the effects of grazing intensities on belowground C and N cycles (Lal, 2004; Henderson et al., 2015; Tagesson et al., 2015; Luo et al., 2016) . This can lead to a great challenge to the prediction of future feedbacks between the climate and the C cycle. Future land-surface models may need to differentially treat with grazing intensity in order to develop a more precise process-based mechanism for forecasting the feedback of grassland ecosystems to climate change. Over the past several decades, much effort has been made in developing process-based models of key biogeochemical processes of SOM turnover, such as, DNDC (Li et al., 1992) , CENTURY and Daycent (Parton, 1996 , Parton et al., 1998 , Roth-C (Jenkinson and Coleman, 2008) , VIC (Bohn et al., 2013) , and SWAT (Neitsch et al., 2011) , are based on conceptual pools of C and N turnover at varying rates. Each pool can be assigned a mean residence time (MRT) within the spatially averaged soil, and is affected by the reactivity and environmental constraints on the decomposition of the SOM (Davidson and Janssens, 2006) .
Inconsistent results are due to the underlying assumptions of these carbon pools for the kinetics of SOM decomposition rates and their 'volume averaged' or 'mass averaged' approaches in the conventional process-based models, which are still subject to debate (Davidson and Janssens, 2006) . Microbial activities substantially depend upon spatio-temporal variations in water, temperature and substrate availability (Davidson et al., 2012 (Davidson et al., , 2014 . Brilli et al. (2017) suggested that future development of C and N models should explicitly account for soil microbial biomass to drive SOM turnover, the effect of N shortage on SOM decomposition, the improvements related to the production and consumption of gases and an adequate description of gas transport in soil.
This implied possible limitations in the underlying hypotheses from the literature in the cases where discrepancies between model and observation. Despite this extensive analysis, knowledge basic mechanisms driving C and N cycles in agricultural systems is still far from complete and key questions remain about the cascade of events that finally lead to biological responses. Some recent studies (Bhanja et al., 2019a (Bhanja et al., , 2019b formulated the sequential oxidation-reduction potential (ORP) and chemical reactions undergoing at the soil-water zone using dual Arrhenius and Michaelis-Menten (DAMM) kinetics to contribute towards more reliable estimates of C and N cycles from grazing systems.
Integration of biogeochemical and hydrological processe for the spatial and temporal heterogeneity at catchment scale
Modelling of different grazing ecosystems is challenging as there are intrinsically different parameterization of grazing intensity that represents grazing animal activities (Wang et al., 2012; Tian et al., 2018; Luo et al., 2016) ; to date, mainstream soil carbon models of grazing systems have not recognized these distinctions in their simulations of soil carbon dynamics due to grazing management practices and livestock excreta deposition, which could result in uncertainties on soil C and N cycles in managed grasslands. Developing grazing grassland models to effectively support efforts to enhance ecosystem services while increase productivity will require engagement with stakeholders and policy-makers, as well as modellers and experimental researchers across many disciplines (Kipling et al., 2016) . Groffman et al. (2009) showed the importance of the effects of hydrological processes on C and N cycles, which may need to be incorporated into regional and global models for predicting effects of human disturbance on global grasslands and assessing the climate-biosphere feedbacks. More importantly, typical water cycle regions are river basins acting as natural water system boundaries.
Therefore, models could be able to simulate the lateral flow and distribution of water, nitrogen and carbon within landscapes, stream flows, and sediment and nutrients runoff in river networks.
Further work remains on spatially representative from different grazing ecosystems. It is, therefore, of paramount importance that interactions between different processes and controls of soil carbon and nutrient cycles and nutrient runoff to surface water are reflected in the models. Quantifying such interactions between biogeochemical and hydrological processes should be a research priority (Shrestha and Wang, 2018a) .
In grassland ecosystems, the major sources of GHGs (N2O, CO2 and CH4) emissions, aside from enteric methane production, are livestock excreta deposition, manure application, and mineral application (Dangal et al, 2019) . Current challenges are finding ways to estimate interaction between biogeochemical and hydrological processes. In recent years, a fully-coupled soil carbon and nitrogen module of an agroecosystem model, (i.e., DAYCENT) has been incorporated into SWAT (Shrestha and Wang, 2018b; Shrestha et al., 2018) . The coupling algorithms of nitrification and denitrification from the Daycent models explicitly link the DAYCENT and SWAT model, which simulates carbon and nitrogen partitioning, to modules of soil carbon and nitrogen turnover in grazing lands. A more detailed microbial and thermodynamic kinetics of SOM turnover has been developed by using DAMM kinetic within the SWAT framework (Bhanja et al., 2019a (Bhanja et al., , 2019b . Here the variables of the SWAT, NH4 + and NO3 -, are directly coupled with the submodels of nitrification and denitrifications (Shrestha et al., 2018a; Bhanja et al., 2019a Bhanja et al., , 2019b .
Their models are based on the SWAT model framework at a watershed scale and therefore, the lateral hydrological flow and substrate fluxes have been considered.
Concluding remarks
During the last decades, intensively managed grazing systems have been studied extensively in terms of livestock productivity, pasture diversity, GHG emission, carbon storage and erosion. We integrated a diverse body of experimental evidence in spite of data and assumptions seemingly inconsistent and disconnected from current guidelines. We hypothesized that modelling can help to identify the main factors (environmental, management) that affect grassland and rangeland productivity and degradation. This review alerted to some important deficiencies, experimental and systematic knowledge gaps in this area. Our aim was to suggest directions in which future experiments, monitoring, and modelling needs to go to improve knowledge transfer for better management guidelines.
We reviewed two main grazing management systems: continuous grazing and multi-paddock grazing finding two main reasons for knowledge and knowledge transfer gaps: 1) SCALE: farm or rangeland management, 2) USER: researchers or farmers. This can cause some confusion in the debate of future research needs. Results in most multi-paddock grazing research are generated under specific environmental conditions at plot or farm scale, which cannot be scaled to other systems, rangelands. However, using models these results can be extrapolated to other environments (climate, soil and weather conditions). Particularly, differently managed grasslands using multi-paddock or continuous grazing, clarified key ambiguities of grazing management and converged directions of future research and knowledge transfer.
The growing appreciation of climate change impacts and natural ecosystem restoration, criteria like biodiversity and soil health should be considered in the allocation of managed/farmed versus natural grasslands ecosystem services. The best grazing management is not simply a trade-off or optimization between livestock productivity and environmental impacts but accounts for improving other ecosystem services. The choice of sustainability criteria and ecosystem service values can change the valuation of grazing ecosystems from high livestock productivity (multipaddock with high stocking) to environmental conservation (continuous rangeland with low stocking). Effective grazing management offers great potential to achieve sustainable use of grasslands and rangelands to meet increasing food demands, mitigate climate change and provide ecosystem services. The future of grazing research requires an integrated approach to whole systems' analysis for variable outcomes of grazing systems.
The principle to link well-established multi-paddock grazing experiments with models have widely been applied but need to be challenged and become an effective guideline. This review critically evaluated and discussed the methods to describe interactions between livestock productivity and landscape degradation for currently used grazing systems. Research showed that multi-paddock grazing is well described by a combination of variables, such as stocking rates, timing, animal activities, and diversity to optimize livestock and pasture productivity. The complex grazing systems need a comprehensive evaluation that explicitly incorporates qualitative and quantitative knowledge of the management, and technological and biophysical components of grasslands systems. System models are key to effectively integrate multi-layer evidence to create management strategies that fit specific socio-economic and ecological settings and account for the inherent uncertainties of grassland or rangeland ecosystems. However, much remains to be done to build these generic models and evaluation criteria due to the variety of pedo-climatic properties, grazing practice, and pasture growth. Scientists and stakeholders should collaborate closely with farmers and ecologists to bridge the knowledge gaps and connect with progresses in this multidisciplinary field.
